ABSTRACT Reactive oxygen species and free radicals play multiple roles in some immune-pathological events. Vitamin E, as a very potent antioxidant, perhaps deceases the potentially negative effects of such oxidative stress to prevent immune-pathological damage to broilers. Therefore, the current study investigated the effects of dietary natural (D-α-tocopherol) and synthetic (DL-α-tocopherol acetate) vitamin E on the growth performance and antioxidant capacity in cyclophosphamide (CY) immunosuppressed broilers. 192 one-day-old male Arbor Acre broilers were randomly distributed into 4 groups: 1) non-CY-challenged control; 2) CY-challenged control; 3) CY-challenged group+20 IU DL-α-tocopherol acetate per kg feed; and 4) CY-challenged group+20 IU D-α-tocopherol per kg feed. The maize-soybean basal diet in the control group contained α-tocopherol (7.12 mg/kg). Broilers were intramuscularly injected with 80 mg/kg body weight of CY or sterile saline at 16, 17, and 18 d of age. CY decreased (P < 0.05) the average daily gain and average daily feed intake, but vitamin E did not alter the growth performance of broilers before or after CY injection (P > 0.05). The decreased absolute weight of the spleen, thymus and bursa, serum interleukin 2 (IL-2), and interleukin 6 (IL-2) concentrations in CY-treated broilers were alleviated by vitamin E (P < 0.05) . The decreased relative weight (g/kg body weight) of the bursa in the CY-treated broilers was increased by natural vitamin E (P < 0.05). The CY-induced increases in malondialdehyde (MDA) content and decreases in total antioxidant capacity (T-AOC), glutathione, vitamin C, and α-tocopherol levels, and total superoxide dismutase and glutathione peroxidase activities in both serum and the liver were attenuated by vitamin E (P < 0.05). Additionally, natural vitamin E increased α-tocopherol and T-AOC levels and decreased MDA content in the liver of CY-treated broilers (P < 0.05) when compared to the synthetic form. In summary, both synthetic and natural vitamin E supplementation improved lymphoid organ weights, serum IL-2 and IL-6 levels, and antioxidant capacity of immunosuppressed broilers induced by CY. Especially, natural vitamin E was superior to the synthetic form and enhanced α-tocopherol and T-AOC levels, reduced MDA concentration in the liver, and alleviated the immune damage of the bursa.
INTRODUCTION
Immunosuppression is a state of temporary or permanent immunity dysfunction and can make organisms more sensitive to pathogens due to the damage of the immune system (Fan et al., 2013) . Many factors cause immunosuppression of poultry, such as nutrition, infectious disease, stress, and so on, in which infectious disease is extremely important. Immunosuppressive viruses, such as chicken avian leukosis virus, chicken infectious bursal disease virus, and chicken Marek's disease virus, can infect B and T cells in important immune organs, lower the humoral and cellular immune response, and lead to immunosuppression (Si, 2004) . Thus, organisms must deal with diverse threats posed by these pathogens. The immune system defends against these threats, but this system also generates reactive oxygen species (ROS) (van de Crommenacker et al., 2010) . During immune response, immune cells kill pathogens partially by releasing free oxygen radicals. Although ROS are important in killing pathogens, at high doses they can have negative side effects, damaging host tissues as well as immune cells (Costantini and Møller, 2009) . Therefore, the redox environment in which the immune response is working is also important, i.e., the level of antioxidants, suggesting that an increase in the antioxidant capacity of broilers under immunosuppression may be beneficial for the immune response.
Vitamin E, is now well accepted as nature's most effective lipid-soluble, chain-breaking antioxidant. Due to high hydrophobicity, vitamin E preferentially exerts its antioxidant activity in lipid-rich membranes, which concern immune cells. It has been demonstrated that protective immunity in chickens is increased by vitamin E inclusion as evidenced by its ameliorating effect against lipopolysaccharide (Zhang et al., 2010) , Escherichia coli, Eimeria tenella, toxins (Jaradat et al., 2006) , and heat stress (Niu et al., 2009) . Also, vitamin E has been recognized to protect the cells involved in the immune response against oxidative damage and enhance the function and proliferation of these cells (Khan et al., 2012) . There are few studies on the effects of dietary vitamin E on the antioxidant capacity in broilers' immunosuppressive status.
Eight naturally occurring substances have been found to have vitamin E activity: 4 tocopherols (α-, β-, γ-, δ-tocopherols) and 4 tocotrienols (α-, β-, γ-, δ-tocotrienols) (Panda and Cherian, 2014) ; only α-tocopherol meets animal vitamin E requirements. The α-tocopherol has 3 chiral centers such that 8 different stereoisomers can exist. The only stereoisomer of α-tocopherol found in nature is D-α-tocopherol (RRR-α-tocopherol), which is the most biological effective form of vitamin E (Halliwell and Gutteridge, 2000) . Supplementation with vitamin E is commonly added to poultry feed in the form of DL-α-tocopherol acetate (all-rac α-tocopheryl acetate), which contains equimolar amounts of 8 stereoisomers. An alternate dietary source of vitamin E is the natural source, D-α-tocopherol. Previous studies have suggested that D-α-tocopherol (vs. synthetic) was superior in being retained in serum and tissues , alleviating lipopolysaccharide-induced inflammatory response (Kaiser et al., 2012) , and improving meat quality (Gao et al., 2010; Rey et al., 2015) . However, in broilers, little was known about the effects of natural and synthetic vitamin E on the antioxidant capacity of broilers under immunosuppressive challenge.
Cyclophosphamide (CY) is a nonspecific immunosuppressant agent, the mechanism of which to induce immunosuppression is similar to that of immunosuppressive virus. CY can damage the structure of DNA, kill the immune cells, decrease the normal B and T cell levels, and restrain the humoral and cellular immune response (Fan et al., 2013) . Therefore, this study was conducted to compare the supplementation of D-α-tocopherol and DL-α-tocopherol acetate on the growth performance and antioxidant capacity of broilers intramuscularly injected with CY.
MATERIALS AND METHODS

Experimental Design, Diets, and Management
All experimental conditions and animal procedures were approved by Nanjing Agricultural University Institutional Animal Care and Use Committee. Onehundred-ninety-two one-day-old male Arbor Acres broilers (39.00 ± 0.20 g) obtained from a commercial hatchery (Hewei Co., Ltd, Anhui, P. R. China) were randomly distributed into 4 groups with 6 replicates of 8 birds each. All birds were allocated into 4 treatments: 1) non-CY-challenged control (CON; broilers fed a basal diet and injected with sterile saline); 2) CYchallenged control (CY; broilers fed a basal diet and injected with CY); 3) CY-challenged group+20 IU/kg DL-α-tocopherol acetate (SVE-CY; broilers fed a basal diet supplemented with 20 IU DL-α-tocopherol acetate per kg feed and injected with CY); and 4) CYchallenged group+20 IU/kg D-α-tocopherol (NVE-CY; broilers fed a basal diet supplemented with 20 IU D-α-tocopherol per kg feed and injected with CY). Our research team has found that the corn-soybean diet supplemented with 20 IU/kg natural vitamin E (D-α-tocopherol) was superior in improving the meat quality and muscular antioxidant capacity than an equal dose of synthetic vitamin E (DL-α-tocopherol acetate) in broilers (Cheng et al., 2016) . The maize-soybean meal basal diet in the control group contained α-tocopherol (7.12 mg/kg). Thus, 20 IU/kg of diet was selected in the present study. At 16, 17, and 18 d, broilers were intramuscularly injected with CY at the appropriated dose of 80 mg/kg body weight, and the unchallenged group was injected with the same volume of 0.9% (wt./vol.) sodium chloride solution. The doses and routes of CY administration were referred to in the previous study by He et al. (2007) , who reported that chickens intramuscularly injected with 80 mg CY/kg body weight (at 16, 17, and 18 d) had significantly lower relative weights of the lymphoid organs, and lower serum antibody production and lysozyme activity compared with the saline-treated ones. The CY was purchased from Shanghai Ryon Biological Technology Co. Ltd. (Shanghai, P. R. China) with a purity of ≥ 97.0%, which was dissolved in sterile 0.9% sodium chloride solution. The D-α-tocopherol was provided by Jiangsu Wilmar Spring Fruit Nutrition Products Co., Ltd. (Taixing, Jiangsu, P. R. China) with a purity of 6%. The DL-α-tocopherol acetate was purchased from Zhejiang NVB Co., Ltd (Xinchang, Zhejiang, P. R. China), and the purity was 50%. The basal diet was formulated according to the NRC (1994) to meet the nutrient requirements of the broiler. The composition and nutrient level of the experimental diets (one to 21 d) are shown in Table 1 . All birds were placed in 3-level wire cages (135 × 75 × 60 cm) and kept in an environmentally controlled room maintained at 32 to 34
• C during 1 to 4 d and then gradually decreased to 26
• C at the rate of 3 to 4 • C per wk, after which it was maintained at room temperature until the end of the experiment. Continuous light was provided during the 21-day experimental period. Birds were allowed to consume both feed and water ad libitum throughout the experiment. At 1, 15, and 21 d of age, the body weight of the broilers was measured, and feed intake was recorded for each replicate at 15 and 21 d of age to evaluate average daily feed intake (ADFI), average daily weight gain (ADG), and the feed/gain ratio (F:G).
Sample Collection
At 21d of the experiment, 24 male birds (one bird per replicate) were randomly selected and weighed after withdrawal of feed for 12 hours. A blood sample was obtained from a wing vein and centrifuged at 2,000 × g for 15 min at 4
• C to separate serum, which was stored at −20
• C for further analysis. Immediately after the chickens were killed by exsanguinations, all thymic lobes, spleen, and bursa of Fabricius were separated, trimmed of the adipose tissue, and then weighed to calculate relative organ weights using the following equation: relative weight of organ (g/kg) = absolute organ weight (g)/body weight (kg). Then, liver samples were collected and frozen at −80
• C for further analysis.
Preparation of Liver Homogenate
Approximately 0.3 g of liver samples were diluted 1:4 (w/v) with ice-cold 0.9% sodium chloride buffer and homogenized by Ultra-Turrax homogenizer (Tekmar Co., Cincinnati, OH), and centrifuged at 4,550 × g for 15 min at 4
• C. The supernatant was used to measure antioxidant parameters.
Serum IL-2 and IL-6 Assay
The contents of interleukin 2 (IL-2) and interleukin 6 (IL-6) in serum were determined using a ly available 125 I-RIA kit (Beijing Research Institute of Biotechnology, Beijing, China) according to the manufacturer's guidelines. The inter-assay and intra-assay coefficients of variance were <7.0% and <15% for IL-6, and <10% and <12% for IL-2, respectively. The detection limits were 50 pg/mL for IL-6 and 1.2 ng/mL for IL-2, respectively.
Assessment of Lipid Peroxidation
The levels of malondialdehyde (MDA) and total protein in serum and the liver were determined by commercial kits according to the instructions of the manufacture (Nanjing Jiancheng Institute of Bioengineering, Nanjing, Jangsu, P. R. China). MDA is an end product of lipid peroxidation and can react with thiobarbituric acid to generate a colored product with absorption maximum at 532 nm. The concentration of total protein was measured according to the method of Zhang et al. (2014a) . The content of MDA in serum was expressed in nmol/mL serum. All other results were normalized against total protein concentration in each sample intersample comparison.
Biochemical Assays
Activities of total superoxide dismutase (T-SOD), glutathione peroxidase (GSH-PX), and the contents of total antioxidant capacity (T-AOC), glutathione (GSH), vitamin C (VC), and vitamin E (VE) were quantified with a 1,200 UV spectrophotometer (Mapada Instruments Co., Ltd., Shanghai, China) using commercial kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, PR China). One unit of T-AOC was defined as the amount of enzyme per milligram protein that would increase the absorbance by 0.01 at 37
• C in one minute. The level of T-SOD was measured by the oxanthine oxidase method. The activity of GSH-Px was measured, using both hydrogen peroxide and t-butyl hydroperoxide as a substrate (Behne and Wolters, 1983) . GSH was determined by using 5, 5 -dithiobis-(2-nitrobenzoic acid) reagent (Yu et al., 2015) . VC was measured by reducing the ferric iron to ferrous iron (Zannoni et al., 1974) . VE was analyzed by reducing the properties of tocopherol (Yu et al., 2015) . The results of T-SOD and T-AOC activities in the liver were expressed as U/mg protein and in serum were expressed as U/ml. The GSH-PX activities in the liver and serum were expressed as U/mg protein and μmol/L, respectively. The GSH content in the liver was expressed as mg/g protein and in serum was expressed as mg/L. The VC and VE contents were expressed as μg/mL in serum. The VC and VE contents in the 2 CON, broilers fed the basal diet and challenged with sterile saline; CY, broilers fed the basal diet and challenged with CY; SVE-CY, broilers fed the basal diet containing 20 IU/kg synthetic vitamin E and challenged with CY; NVE-CY, broilers fed the basal diet containing 20 IU/kg natural vitamin E and challenged with CY.
3 SEM, pooled standard error of the means (n = 6). liver were expressed as μg/mg protein and μg/g tissue, respectively.
Statistical Analysis
Data were analyzed by one-way analysis of variance (ANOVA) using SPSS statistical software (Ver.16.0 for windows, SPSS Inc., Chicago, IL). Differences among treatments were examined using Duncan's multiple range test. Differences were considered significant when P < 0.05. Data are presented as means and their pooled standard errors.
RESULTS
Growth Performance
CY treatment resulted in a significant decrease (P < 0.05) in the ADG and ADFI, but had no influence on the F: G (P > 0.05) ( Table 2) . However, diets supplied with vitamin E had no effect (P > 0.05) on the growth performance of broilers before and after CY treatment.
Immune Organ Indices
Compared with the CON group, the absolute weight of the thymus, spleen, and bursa and the relative weight of the bursa were lower (P < 0.05) in the CY group due to cyclophosphamide injection (Table 3) . Vitamin E supplementation significantly increased (P < 0.05) the absolute weight of the thymus, spleen, and bursa compared to the CY group. Dietary natural vitamin E inclusion increased (P < 0.05) the relative weight of the bursa of broilers compared to the CY group.
Concentrations of IL-2 and IL-6
As indicated in Table 4 , broilers treated with CY showed significantly lower (P < 0.05) serum IL-2 and IL-6 concentrations when compared with the CON group. In contrast, the inclusion of vitamin E resulted in increased serum IL-2 and IL-6 contents compared to the CY treatment (P < 0.05).
Concentrations of MDA in Serum and Liver
Compared with the CON group, CY treatment resulted in an increased MDA concentration in serum and the liver (P < 0.05) ( Table 5 ). The increased MDA content induced by CY was reduced by vitamin E inclusion (P < 0.05). Additionally, natural vitamin E supplementation in CY-treated broilers had lower (P < 0.05) hepatic MDA concentration than that of synthetic vitamin E administration. a-c Means within a row with different superscripts are different at P < 0.05. 1 IL-2, interleukin 2; IL-6, interleukin 6. 2 CON, broilers fed the basal diet and challenged with sterile saline; CY, broilers fed the basal diet and challenged with CY; SVE-CY, broilers fed the basal diet containing 20 IU/kg synthetic vitamin E and challenged with CY; NVE-CY, broilers fed the basal diet containing 20 IU/kg natural vitamin E and challenged with CY.
3 SEM, pooled standard error of the means (n = 6). 2 CON, broilers fed the basal diet and challenged with sterile saline; CY, broilers fed the basal diet and challenged with CY; SVE-CY, broilers fed the basal diet containing 20 IU/kg synthetic vitamin E and challenged with CY; NVE-CY, broilers fed the basal diet containing 20 IU/kg natural vitamin E and challenged with CY.
3 SEM, pooled standard error of the means (n = 6).
Serum Antioxidant Capacity
In comparison with the CON group (Table 6 ), The CY group had lower (P < 0.05) activities of GSH-PX and T-SOD, T-AOC level, and GSH, VC, and VE contents in the serum. Vitamin E inclusion increased (P < 0.05) T-AOC level, enzymatic and non-enzymatic antioxidants compared with the CY group.
Hepatic Antioxidant Capacity
The activities of GSH-PX and T-SOD, and the levels of T-AOC, GSH, VC, and VE were significantly decreased (P < 0.05) in the CY group by administration of CY when compared with the CON group (Table 7) . However, administration of vitamin E increased (P < 0.05) the activities of GSH-PX and T-SOD, T-AOC level, and GSH, VC, and VE contents in the liver compared with the CY group. Addition of natural vitamin E significantly increased (P < 0.05) the levels of T-AOC and VE in the liver of CY-treated broilers compared with synthetic vitamin E inclusion.
DISCUSSION
In order to evaluate the effects of dietary natural and synthetic vitamin E on the growth performance and antioxidant capacity of immunosuppressive broilers, we made use of a documented immunosuppressive model for broilers by injecting CY (Ei-Abasy et al., 2004; He et al., 2007) . CY is an antineoplastic and immunomodulating agent used to treat tumors or autoimmune disorder, which is metabolized by P-450 enzymes in the liver. CY is catalyzed by cytochrome P-450 2B and P-450 2C to form the DNA cross-linking agent, phosphoramide mustard (Zhang et al., 2009) . Phosphoramide mustard inhibits DNA synthesis by crosslinking DNA double strand, and causes immunity dysfunction. The a-b Means within a row with different superscripts are different at P < 0.05. 1 GSH-PX, glutathione peroxidase; T-AOC, total antioxidant capacity; T-SOD, total superoxide dismutase; GSH, glutathione; VC, vitamin C; VE, vitamin E.
2 CON, broilers fed the basal diet and challenged with sterile saline; CY, broilers fed the basal diet and challenged with CY; SVE-CY, broilers fed the basal diet containing 20 IU/kg synthetic vitamin E and challenged with CY; NVE-CY, broilers fed the basal diet containing 20 IU/kg natural vitamin E and challenged with CY.
experimental results showed that broilers challenged with CY had significantly lower absolute weight of the lymphoid organs, relative weight of bursa, and serum IL-2 and IL-6 concentrations compared with the salinetreated groups, which indicated that the immunosuppressive model of broilers was established.
An immunosuppressive status could result in reduced feed intake, body weight gain, and growth of poultry (He et al., 2007) . In the present study, the decreased ADFI and ADG occurred in broilers exposed to CY, which is in line with previous studies (Ei-Abasy et al., 2004; He et al., 2007; Min et al., 2015) . However, no differences among dietary vitamin E treatments were observed in feed efficiency in either the nonchallenged or CY-challenged conditions. It has been reported that diets supplied with natural and synthetic antioxidants could counteract the detrimental effect of stress-challenged situations on broiler performance (Salami et al., 2015) . Zhang et al. (2010) suggested that dietary supplementation with vitamin E (RRR-α-tocopherol succinate) alleviated the growth depression of birds induced with lipopolysaccharide challenge. However, studies about the effects of vitamin E on growth-suppressed broilers of CY treatment are few.
The thymus, spleen, and bursa of Fabricius are important immune organs of poultry, and the development status of immune organs directly impacts the immune function. Relative weight of immune organs reflects the immune organ development and the immune function of the organism (Fan et al., 2013) . It has been reported that CY-treated broilers resulted in a significant decrease in the lymphoid organs or disappearance in lymphoid organs such as the bursa, spleen, and thymus (Kim et al., 2003; He et al., 2007; Wang et al., 2012; Fan et al., 2013) . Similar to previous studies, the experiment result showed that the relative weight of bursa of broilers was significantly decreased by the CY treatment. However, natural vitamin E inclusion significantly increased the relative weight of the bursa of broilers compared with the CY group. It indicated that natural vitamin E could resist the effect of immunosuppression on immune organ development. IL-2 is a cytokine secreted by activated T lymphocytes, which has a central role in regulation of host response to pathogenic challenge (Bonham et al., 2002) . IL-6 secreted by Th2 cells can mediate humoral immunity (Salgame et al., 1991) as one of the most important immune and inflammatory mediators that regulate diverse cell functions including proliferation and differentiation of B-cells and T-cells (Sobota et al., 2008) . In this study, the concentrations of the 2 cytokines in natural and synthetic vitamin E groups were significantly higher than those in the CY group. It indicated that vitamin E could promote the secretion of some cytokines and thus resist the CY induced immunosuppression.
ROS, such as superoxide, hydroxyl radicals and hydrogen peroxide are known to contribute to the pathogenesis of a variety of diseases (Mohammad and Melissa, 1998) . Lipid peroxidation induced by free radicals has been associated with a number of diseases (Wang et al., 2012) . Although ROS produced by activated macrophages and neutrophils participate in immune and inflammatory response, excessive production of free radicals plays multiple important roles in tissue damage and loss of function in a number of tissues and organs. Antioxidants in birds play an important role in controlling the adverse effects such as oxidative stress to prevent immuno-pathological damage to host tissues (Costantini and Møller, 2009 ). Cell defense systems, including enzymatic and non-enzymatic antioxidants, protect the organisms against oxidative damage (Zhang et al., 2014b) . In birds, antioxidant enzymes mainly include SOD, catalase (CAT), and GSH-PX; non-enzymatic antioxidant defense involves GSH, VC, and VE. SOD acts as the first line of defense against the deleterious effects of oxyradicals in cells by catalyzing the dismutation of the endogenous cytotoxic superoxide radical to H 2 O 2 , which is detoxified into H 2 O and O 2 by CAT and GSH-PX (Mruk et al., 2002) . GSH, with its sulfhydryl group, functions in the maintenance of sulfhydryl groups of molecules (especially proteins), as a catalyst for disulfide exchange reactions, and in the detoxification of foreign compounds, hydrogen peroxide, and free radicals (Manda and Bhatia, 2003) . VC is hydrophilic and presents as a very important free-radical scavenger in extracellular fluids, trapping radicals in the aqueous phase and protecting biomembranes from peroxidative damage (Harapanhalli et al., 1996) . VE, as a lipid soluble chain-breaking antioxidant, mainly resides in the membranes and protects unsaturated fatty acids from perioxidation (Selvakumar et al., 2005a) .
In the present study, when the broilers were treated with CY, the T-AOC, T-SOD, GSH-PX, GSH, VC, and VE levels in the serum and liver deceased and the MDA levels clearly increased. MDA, as a major product of lipid peroxidation, is one of the main manifestations of lipid peroxidation (Selvakumar et al., 2005b) . The increase in lipid peroxidation might result from increased generation of free radicals and a decrease in antioxidant status. In this study, the formation of MDA and decrease in antioxidant status may be associated with the period of CY treatment and needs to be investigated further. However, the inclusion of vitamin E increased in T-SOD, GSH-PX, T-AOC, GSH, VC, and VE levels as well as decreased the MDA levels, thereby indicating that vitamin E could enhance the antioxidant capacity in CY-treated broilers. Moreover, the hepatic α-tocopherol content was higher in CY-treated broilers by natural vitamin E inclusion than that of the synthetic supplementation group. The result in the present study may be associated with biological activity of vitamin E added to feed. Bioavailability of vitamin E is related to its form, and it is measured in international units by defining one mg of all-rac-α-tocopherol acetate as 1 IU, RRR-α-tocopherol having a bioactivity of 1.49 IU (Machlin, 1991) . The preferential transfer of the RRR stereoisomer by the hepatic α-tocopherol transfer protein seems to explain the greater bioavailability for the RRR-α-tocopherol molecule ). T-AOC includes a number of antioxidant enzymes and the related biomolecules involved in scavenging free radicals, and considers an important integrative index used to reflect the total antioxidant capacity of the body (Ren et al., 2012) . In addition, the T-AOC level of the liver in the natural vitamin E group was higher than that of the synthetic vitamin E, which may be due to the α-tocopherol content in the liver. Vitamin E -especially natural vitamin E -deceased MDA accumulation in the liver, which was consistent with enhanced α-tocopherol retention and increased T-AOC levels in the liver. These findings indicated that supplementation with vitamin E -especially natural vitamin E -improved the antioxidant capacity of immunosuppressed broilers by enhancing hepatic α-tocopherol content, which could inhibit lipid peroxidation as evidenced by reduced generation of MDA.
CONCLUSIONS
In conclusion, the present study indicated that vitamin E inclusion had no effect on the growth performance but improved serum IL-2 and IL-6 concentrations in CY-treated broilers. In addition, vitamin E supplementation, especially in the natural form, can enhance α-tocopherol content, improve antioxidant capacity, and reduce lipid peroxidation of broilers challenged with CY.
